Convergent-beam electron diffraction has been used to confirm the accepted space group of rutile (TiOz) and to study in detail the dependence of the intensity of the space-group-forbidden reflections on crystal thickness and orientation. The observations are shown to be in detailed agreement with computersimulated patterns calculated using the standard structural parameters. The diffraction results provide a basis for understanding the high-resolution electronmicroscope images of rutile crystals oriented close to the 1-001] zone in which the effects of the space-groupforbidden reflections are important. It is concluded that satisfactory agreement exists between experimental and calculated images provided that allowance is made for uncertainty in the orientation of the crystal.
Introduction
Computer simulation of high-resolution electronmicroscope images of crystals has proven to be very successful in matching experimental images provided the relevant electron optical and crystal structure parameters are used. An outstanding case, however, where the standard calculations were apparently at variance with the experimental observations (Stone & Bursill, 1977) involved [100] zone high-resolution images of rutile (TiO2) and also of gallium-doped rutile structures containing widely spaced crystallographic shear planes separated by rutile matrix. These images showed 0.32 nm fringe periodicities along (110) only for thin crystals and, in general, the contrast was dominated by 0.46 nm fringe periodicities along (100}. Preliminary image calculations failed to match these observations in that only 0.32 or 0"23 nm periodicities were predicted for relevant combinations of experimental parameters. The nonappearance of the 0.46 nm periodicities in the calculated images is consistent with the fact that, for the accepted space group of rutile (P42/mnm; No. 136~ as determined by X-ray diffraction (Wyckoff, 1963) , the reflections {h00, 0k0, h, k odd} are forbidden and application of the analysis of Gjonnes & Moodie (1965) shows that they should have zero intensity for the conditions of crystal tilt and incident-beam divergence normally assumed to apply for carefully recorded images.
In an attempt to explain the discrepancy between experimental and simulated images Self (1979) examined some electron scattering effects not normally included in image calculations. Upper-layer interactions, the effect of inclined entrance and exit surfaces (i.e. wedge-shaped crystals) and the effects of an approximation arising from inclusion of crystal tilt in multislice calculations (Goodman & Moodie, 1974) were investigated because in principle each produces an asymmetry in the scattering and so could lead to a breakdown of the careful balance between contributions of equivalent multiple scattering paths that is needed to ensure that space-group-forbidden reflections remain forbidden under dynamical diffraction. It was found, however, that these processes produced only minimal changes in the scattering and calculated images still did not match the experimental observations. Finally, Self (1979) investigated the effects of atomic displacements associated with the largeamplitude polar phonon modes that give rise to the incipient ferroelectric properties of rutile (Gervais & Piriou, 1974) and preliminary calculations produced images showing 0-46 nm periodicities for sufficiently large crystal thickness. More details of all these results are given in Bursill (1978/79) and Self, Bursill & Spargo (1980) . Subsequent observations by Bursill, Pring, Smith & Shannon (! 982) , however, of images of SnO 2 (which also has the rutile structure) showed identical features to those of TiO2 despite the fact that no such large amplitude phonon displacements would be expected. Recognizing this, Bursill et al. (1982) suggested that the apparently anomalous behaviour of images of rutile-type structures could be due to breakdown in symmetry arising from elastic bending of the crystal.
In this paper we report the results of a convergentbeam electron diffraction (CBED) study of TiO2 crystals, which, utilizing the techniques developed by Goodman (1975) , confirm the accepted space group for the rutile structure. Detailed observations of the variation in shape and intensity of the region near the extinction bands (GM lines) in the 100 CBED discs in the [001] zone pattern are then correlated with the occurrence of 0-32 and 0.46 nm periodicities in highresolution images from very carefully aligned crystals.
Computer simulation, including the effects of crystal tilt and incident-beam divergence, then allows a satisfactory interpretation of the variation of contrast in the experimental images provided allowance is made for a probable change in alignment of the electron beam relative to the crystal during change over from selected-area diffraction to image mode and also for the fact that even crystals at quite large tilts can show images having the expected symmetry for zone-axis alignment.
The characteristic effect of space-group-forbidden reflections on high-resolution lattice images recorded at very small tilts away from the zone axis have been reported by Spargo (1982) for the cases of rutile and the images of defect regions in indium antimonide that have a wurtzite structure formed by regular stacking faults in the sphalerite structure. Similar observations and conclusions for crystal images of cementite, Fe3C , have also been presented by Nagakura, Nakamura & Suzuki (1982) .
Convergent-beam diffraction
Suitable specimens of rutile consisting of small wedged crystals, generally with thin regions at the edges, were prepared by crushing bulk rutile crystal in an agate mortar. The crystallites were then suspended in chloroform and collected on a holey carbon film and mounted in a double tilt holder on a side entry goniometer. CBED patterns were obtained using a JEOL 100-CX microscope with its ASID pole piece working in the condenser-objective (C-O) mode as described by Creek & Spargo (1985) . In this way probe sizes down to 4 nm could be used but, for convenience, a larger probe was usually employed.
A typical CBED pattern down the [001] zone * O"e Buxton, Eades, Steeds & Rackham (1976) , the point group of rutile can be exactly specified as 4/mmm. Independent evidence of the inversion centre and horizontal mirror symmetry elements of this point group were obtained by tilting away from the [lI0] zone axis to satisfy the Bragg condition for the 110 and II0 reflections, consecutively. The resulting patterns showed translational symmetry between these two Bragg satisfied reflections indicating the presence of an inversion centre. Further, an internal inversion symmetry about the centre point of each of these reflection discs, which corresponds to a horizontal mirror, was observed. The mirror symmetry about the centre line of each reflection indicated the presence of a horizontal diad axis along the [110-1 direction.
Corresponding to the point group 4/mmm there are 20 space groups that are listed in International Tables for X-ray Crystallography (1952) under numbers 123 to 142. Different symmetry elements produce various sets of GM lines and totally forbidden reflections so that observations of these in CBED patterns for various zones provide a probable means for distinguishing between space groups using the techniques developed by Goodman (1978) and recently detailed by Tanaka, Sekii & Nagasawa (1983) .
In the [110] pattern of rutile no GM lines are present and all reflections are dynamically allowed. In the [001] pattern, however, A 2 and B 2 GM lines can (a) (b) Im I m I be observed (see Fig. 3 ) in the reflections {h00, h odd} and {0k0, k odd}. Using the tables of Tanaka et al. (1983) it is readily determined that the only space groups that conform with these observations are P4/mbm (No. 127) and P42/mnm (No. 136). The distinction between these two space groups follows from examination of the [100] zone. Owing to the axial horizontal glide plane in P4/mbm all reflections {Ok/, k odd} would be kinematically and dynamically forbidden, when only zero-layer interactions are considered. By contrast the diagonal horizontal glide of P42/mnm would lead to the reflections {Ok/, k + I odd} being forbidden. As already noted, the experimental CBED pattern from the [100] zone shows that reflections {Ok/, k +l odd} are absent and thereby confirms that the space group of rutile is P42/mnm (No. 136).
The tables of Tanaka et al. (1983) can also be used to deduce that the symmetry elements responsible for the GM lines in the [001] CBED pattern are the diagonal glide planes and the horizontal screw axes. For the [100] pattern the vertical glide plane could be expected to lead to GM lines in the reflections {00/, l odd} but the simultaneous presence of the horizontal glide plane ensures that these reflections are totally forbidden, regardless of tilt, assuming only zero-layer interactions.
The observed CBED patterns indicate that [001] zone-axis images of futile could not contain contributions from the 100 reflections but small tilts away from the zone could result in the appearance of 0.46 nm periodicities. The amount of tilt required for this is indicated by the shape of the extinction bands in the 100 reflections. The variation of this with crystal thickness is shown by the series of experimental CBED patterns in Fig. 4 , which were obtained from a wedge crystal of futile using a 20 nm probe. The widest part of the extinction band changes from being close to the central beam in Fig. 4 Napier (1975) . The crystal thickness for the pattern in Fig. 4(f) , for example, was found to be 120(10) nm, the error being largely due to experimental difficulties such as the uncertainty in positioning of the probe. The general features of the experimental CBED patterns are also observed in the computer-simulated patterns shown in Fig. 5 . These were produced using multislice calculations for various crystal thicknesses and a range of crystal tilt. The structural parameters used were those given by Wyckoff (1963) , the atomic scattering amplitudes being those of Doyle & Turner (1968) and the temperature factors were those determined by Shintani, Sato & Saito (1975) . The general correspondence between the experimental and simulated patterns is well illustrated by the variation in the shape of the extinction bands with thickness Even quite fine details in the experimental patterns from moderately thick crystals could be well matched by the simulated patterns. Thus, Fig. 6 , which shows the calculated pattern for a crystal thickness of 107 nm, is a good representation of the experimental pattern for a crystal of thickness 120(10) nm (shown in Fig. 4f and Fig. 1) . Considering that the effects of absorption and diffuse scattering due to inelastic scattering processes are not included the match is remarkably good and apparently verifies the assumed structural par- ameters for rutile. It also demonstrates that the variation of the amplitude of the exit wavefunction with tilt is well described by the multislice calculations. Only intensity information, however, is available in the experimental CBED patterns and there is no direct way of determining the phase of the exit wavefunction experimentally and comparing it with that calculated. On the other hand, the phases of the diffracted beams could have a large influence on the observed image and if these are in error then the detail of images of a tilted crystal may be in error.
In principle, electron diffraction provides a means of checking the phases of the diffracted beams in that dynamical scattering couples the diffracted beams together, and this interaction is phase sensitive. In general, the phases of the diffracted beams after n slices will affect the amplitudes of the diffracted beams after n+ 1 slices and hence will affect the detail in the corresponding CBED intensity pattern. Thus, if experimental CBED patterns corresponding to two or more crystal thicknesses can be matched to computersimulated CBED patterns of the same thicknesses then it would appear probable that the phase of the exit wavefunction is well described, although in principle there is no guarantee that such is the case. While such correspondence has not been shown conclusively with rutile, the demonstrated match for a thick crystal and the agreement between the experimental and computed thickness series would indicate that the calculated phases of the diffracted beams are sufficiently accurate. Further, the unitary test (Goodman & Moodie, 1974) indicated that the calculation array used was large enough (that is, the sampling of real and reciprocal space was fine enough) and that the slice thickness was thin enough to ensure that the accuracy of the calculations was sufficient to make errors associated with the amplitudes and phases of the diffracted beams insignificant. In principle, upperlayer interactions will affect the phases of the diffracted beams at thicknesses smaller than where the effect on the amplitude becomes significant (Goodman & Morton, 1982) but the calculations by Self (1979) , which included upper-layer interactions, showed that such effects were not significant for rutile.
High-resolution imaging
Further experimental and theoretical examination of [001] zone images of rutile is warranted since the CBED patterns show that the 100 reflections have very low intensity for orientations close to the zone. Images obtained using an objective aperture that excludes diffracted beams beyond the 200 reflections, therefore, should be dominated by 0.32 or 0.23 nm squares of contrast (corresponding to 110 or 200 crystal periodicities, respectively) provided that the crystal is carefully oriented and the incident beam is not too heavily converged.
Rutile crystals were crushed in an agate mortar and the resulting crystallites, suspended in chloroform, deposited on a holey carbon film and then examined in a JEOL 100-C electron microscope fitted with a top-entry goniometer. Crystals were judged to be sufficiently thin for detailed study if the carbon film could be seen through them. Severely bent crystals could be readily identified and rejected since the diffraction pattern could be observed to vary as the selected-area aperture was moved about the crystal image. Selected-area diffraction patterns (SADP) from crystals oriented close to the [001] zone, as judged by the symmetrical intensity distribution, contained quite strong 100 reflections owing to, presumably, the effects of averaging over crystal regions of slightly different orientation. More accurate orientation was achieved by using the extinction bands in the 100 reflections, which could be seen when the incident beam was focused. The crystal was oriented using only the specimen tilt controls, the beam tilt controls being used to maintain voltage-centre alignment of the microscope.
The observed high-resolution images can be classified into three groups. The first group, like the images observed by Stone & Bursill (1977) , display 0.32 nm squares of contrast in the thin crystal regions with 0.46 nm detail becoming dominant at larger thicknesses. Ishizuka & Iijima (1981) suggested that the 0.46 nm detail could be due to interactions between the {120} and {0~0} reflections but the present images show such detail even when these reflections are excluded by the objective aperture.
The image shown in Fig. 7 is characteristic of the second group of images for which the 0.32 nm detail is seen to occur also in thick regions of the crystal. The detail in the image changes periodically with crystal thickness from regions dominated by 0.32 nm squares to regions dominated by 0.46 nm squares of contrast. This periodic change in detail coincides with the bright-field thickness fringes indicating that the appearance of the 0.46 nm detail is related to a dynamical diffraction effect.
Most regions of the image shown in Fig. 8 show only 0.32 nm squares of contrast, although weak 0-46 nm detail can be observed in the region of the first dark thickness fringe. This is representative of the third, relatively rare, group of images and corresponds closely to the image expected for a crystal aligned exactly to the 1-001] zone.
Image interpretation
Computer-simulated images for a range of crystal thickness, crystal tilt and objective-lens defocus were calculated using the well known techniques (Cowley, 1975) . As an aid to the comparison of these with various regions of the experimental images an estimate of the corresponding crystal thickness was made by comparing the calculated and observed thickness extinction contours. Thus, a graph of total intensity through the objective aperture as a function of thickness is shown alongside the image in Fig. 7 . In tilted crystals, the 100 diffracted beams can contribute to the image and the other significant image detail comes from the 110 beams, as can be seen from the optical transforms of the experimental images. The 100 periodicities could be expected to occur for those tilt and thickness conditions for which the intensities of the 100 reflections are significant compared with the 110 reflections. This occurs, for example, at a thickness of 18 nm as can be seen directly from the calculated CBED patterns while the calculated variation with crystal tilt of the ratio of the 100 and 110 amplitudes is shown in Fig. 9 . The contribution of diffracted beams to the image detail, however, is also dependent on their relative phases. The phase difference between a diffracted beam and the central beam arises from both and if this is (2n + 1)n/2 then the image detail due to this beam is lost (Bourret, Desseaux & Renault, 1975) . In particular, when this happens for the 110 beams the (generally weaker) 100 beams may make the dominant contribution to image detail.
Computer-simulated images were calculated assuming a spherical aberration coefficient of 0-7 mm and an objective aperture that excluded diffracted beams beyond the 110 reflections. Chromatic aberration was ignored because preliminary calculations indicated that it has minimal effect at this resolution. The effects of beam divergence were included by incoherently summing images for a range of incidentbeam directions (Wilson, Spargo & Smith, 1982) , damping functions being inapplicable for rutile because of the complications involved with the 'forbidden' 100 reflections. Some of the resulting images for crystal tilts up to 3.2 mrad from the [001] zone axis and for a thickness of 44 nm are shown in Fig. 10 . Outside the defocus range shown the images approximately repeat, apart from a contrast reversal, owing to the relative phase of the 110 beams changing by rr for 28 nm change in defocus. These images illustrate that with increasing crystal tilt the 0.46 nm periodicities dominate the image for an increasingly larger range of defocus values and a survey of all calculated images showed that there is a wide range of combinations of defocus, thickness and tilt conditions for which such is the case and where approximate 4mm symmetry is maintained. By comparison with these calculated images the experimental image shown in Fig. 7 was shown to correspond to a crystal tilt of 2.4 mrad away from the [001] zone and towards the 110 reflection. In making this assessment it was assumed that all of the misalignment between the crystal and the incident beam was due to crystal tilt and the additional effects due to tilting of the incident beam relative to the optic axis (MacLagan, Bursill & Spargo, 1977) were ignored, although they have been considered by Ishizuka & Iijima (1981) . The image shown in Fig. 8 Bursill et al. (1982) obtained images of SnO 2 that were dominated by 100 periodicities even though the crystal tilt indicated by the SADP was estimated to be less than 0.25 mrad. The variation of crystal thickness, orientation and perfection across the selected-area aperture, however, means that the SADP may not accurately correspond to the region of crystal imaged in the recorded highmagnification micrograph. Further, flux leakage between the imaging and condenser lenses could lead to a change in the orientation of the incident beam relative to the crystal when switching between SADP and imaging modes. Such changes in incident-beam alignment have been observed when operating microscopes in the condenser-objective mode (Creek & Spargo, 1985; Tanaka, 1978) and presumably the approximately 2 mrad change required to account for the observed discrepancy could also occur in the standard modes. Although no images including the phase shifts due to tilted beam have been simulated here the results of Ishizuka & Iijima (1981) suggest that, as expected, beam tilt is more effective than pure crystal tilt in introducing 0.46 nm detail. It is not clear as to whether these additional phase shifts are required. If the shift in incident-beam alignment on changing operating mode is sufficiently large it is possible that the image could be recorded under correct alignment conditions while the recorded SADP could be subject to misalignment but the effects of the asymmetric phase distribution in the lens transfer function would not be detected.
In view of the previous discussion it is considered that the match between experimental and simulated images for particular combinations of defocus, crystal thickness and orientation and incident-beam alignment is satisfactory. The suggestion of Bursill et al. (1982) that the apparently anomalous behaviour of images of crystals having the rutile structure is due to a breakdown of symmetry resulting from elastic bend-ing of the crystal would appear to be unnecessary. The present calculations show that 0-46 nm periodicities do appear for an extensive range of experimental conditions and that approximate 4mm symmetry can be sustained in the images even for crystal tilts of up to 3.2 mrad from the zone.
